Abstract: Wafer-scale production of single InGaN quantum disks (QD) ina-nanorod array with small rod diameter (> 9 nm) and low rod-density (< 10 8 cm −2 ) has been achieved without extensive processing steps. Excitation power-dependent µPL spectrum of single QD reveals multi-excitonic peak with 0.75 meV blue-shift for 3 orders of magnitude increasing power, indicating the present system is spectrally stable and nearly free of quantum-confined Stark effects, due possibly to the strain relaxation induced by free surface of small rod diameters. The fully polarized emissions, a high working temperature (180 K), low rod density and good alignment, render this system promising as a potential quantum photon source. Hommel, "Fine structure of biexciton emission in symmetric and asymmetric CdSe/ZnSe single quantum dots," Phys.
Introduction
A nitride localized emission center (LC) is a desirable candidate as a single photon source owing to its robustness, sharp emission spectra, and tolerance to temperatures as high as 200 K [1] . Recently, by using the structure of a quantum disk (QD) embedded in a nanorod/nanowire grown by MBE [2] [3] [4] [5] [6] , one can take advantage of the perfect crystal quality and the elastic strain relaxation of the free rod surfaces [7] . In the most-often reported GaN-QD/AlN-barrier system, the limit of UV emission in fiber communication and the difficulty of p-doping the AlN barrier layer are the main obstacles. On the other hand, InGaN is the material well-known for its visible-light emission in the nitride family. GaN as the barrier layer is also mature in the industry for p-doping. Therefore, from the perspective of quantum device-fabrication of next generation, the growth of an InGaN-QD/GaN-barrier system is a crucial step for the visible/infrared-light single photon source.
Several issues remain unsolved in the reported QD-in-a-rod system. A too high rod density (from 10 10 to 10 11 cm −2 ) leads to a too high LC density [3, 5, 8] , while the large rod diameter (> 50 nm), compared to the exciton Bohr radius of 3 to 11 nm in this material, leads to multiple LCs formed within a single rod. Debates as to whether the behavior of the exciton inside is due to quantum-well or quantum-dot behavior [3, 5, 9] also exist. The effect of strain relaxation induced by free surfaces will be reduced for samples with a large diameter. Meanwhile, wire-alignment has been long-time a challenge for both vapor-liquid-solid (VLS)-wires [10] and MBE-wires/rods [11, 12] . The optical collection efficiency will be much enhanced from the top of aligned nanorods [13] .
In this study, single InGaN QDs was grown by MBE embedded in small diameter GaN nanorod in order to overcome the abovementioned issues. Radio frequency plasma-assisted molecular beam epitaxy (SVTA Model SVT-V-2) was used for the growth of InGaN QD and GaN nanorods on Si(111) substrate [14] . The size of the substrate is 4x4 cm. After substrate degassing in the growth chamber by heating up to 900°C, and cooling down to 500 °C, a 7x7 RHEED pattern was observed. A thin AlN nucleation layer was grown on top of the silicon substrate. GaN nanorods with lengths from 1 to 4 µm were then grown under N-rich conditions (3.5 sccm) at 750 °C. At the very end of the growth, 2 nm InGaN QD and a 5 nm thick GaN capping were subsequently grown.
Scheme and structure
The schematic structure and morphology are depicted in Fig. 1(a) . Isolated nanorods were grown along the [0001] direction and well aligned. After dispersion on a carbon-coated copper mesh, crystal structure and composition of the QD and nanorod were analyzed by the transmission electron microscopy (TEM) (JEOL JEM-2100, 200KV) and accompanying scanning transmission electron microscopy with energy-dispersive X-ray spectroscopy (STEM-EDX) (Oxford INCATM Microsystem) technique, as shown in Fig. 1(b) . The morphologies of the as grown samples are studied by scanning electron microscopy (SEM) as shown in Fig. 1(c) . Statistically, the average rod diameter is 18 nm and 9 nm is the minimum. A sample as long as 4 µm has been grown under the preservation of uniform, non-tapered hexagonal shaped geometries. The self-induced growth structure features two parts: the upper narrow nanorods and the simultaneously grown underlying nanocolumns. The nanorods were found to appear at the initial stage of growth, and became elongated much faster than the columnar part during the growth with the diffusion-induced mechanism [11] . The lowest density among the batch of our samples is 9.66x10 7 cm −2 , which is more than two orders of magnitude lower than typical SK quantum dots reported [15, 16] . In the literature, efforts have been reported to isolate emission peaks in order to circumvent the problem of a dot density that is too high to obtain single dot emission. These efforts include the use of posttreatment such as etching, nano-apertures made from electron beam lithography, and nonlinear optical technologies [15, 16] . The present structure thus provides an intrinsic advantage in emission isolation, by forming low density QD structures with high quantum efficiency, readily achieved from single bottom-up approach. Additionally, the low rod density and good alignment enable us to coat the rod with a high refractive-index outer shell with a thickness equal to the QD-emission wavelength (larger than 400 nm) and still remained isolated. Therefore, this structure shows a unique potential toward a microcavity-enhanced [13, 17] single photon source. 
Structural characterization
High resolution TEM was performed in order to investigate the detailed crystal structure (as shown in Fig. 2(a) to 2(c) ). The position of the InGaN QD in the rod could be identified and was found to be properly located. No extended defects were found both for the nanorod and the QD in the nanorod, which are observable in some of the traditional strain-induced SK quantum dots embedded in the thin film. We attribute this phenomenon to the free-surface relaxation characteristic of this small diameter-structure [7] . However, stacking faults can be observed at the underlying parts of thick columns, as commonly observed in the MBE-grown GaN columns [18] . It indicates that the formation of stacking faults is suppressed during the growth of small-diameter rod. This self-suppressed formation of stacking fault makes this structure suitable as a building block for nano-scale device fabrication. STEM-EDX is used to investigate the amount of indium in the QD. It shows 10.03% molar ratio compared to that of gallium, as shown in Fig. 2(d) . Also, the narrowest rod observed is 9 nm in diameter, as shown in Fig. 2(e) . 
Optical characterization
Optical characterizations were performed on the as grown samples in order to determine if single QD emission behavior can be observed thanks to low-rod density, as shown in Fig.  3(a) . It was performed with a µPL setup and with a continuous flow cryostat (Janis SuperTran) with different temperature. A 325 nm line He-Cd laser and a 0.75-m grating monochromator combined with a liquid nitrogen-cooled charge-coupled device (CCD) camera was used in the observation. an as grown sample. The laser was injected and the emission was detected from the top of the sample and along the c-axis. Since our laser spot-size is 3µm in diameter which is much larger than the rod diameter, both the rod and the underlying columnar part are excited. Thanks to the low-density of rods, isolated single QD emissions can be identified clearly with observed emission energy lower than 3.2 eV. (b) In order to know whether the sharp peaks in (a) come from the QD, single rods were scratched out of the sample and dispersed onto a clean Si surface. SEM images were taken to locate the single nanorod before the µPL experiment. The scale bar is 100 nm. Rod morphology as well as position relative to the metal pattern on the Si can be recorded in the SEM beforehand, and located in the µPL system regarding to the metal pattern. (c-d) Results of µPL measurements for a single nanorod. Excitation power dependent PL spectra reveal three peaks, which can be identified as single exciton(X), biexcition(XX), and trion(X*), according to the power dependence of PL intensity shown in (d). The emission intensities are not saturated as the excitation power varied from 0.2 to 300 kW/cm 2 . Solid lines are drawn to guide the eye.
As shown in Fig. 3(a) performed on the as grown sample, single sharp peaks can be observed, thanks to the low rod density. The QD emission here was observed with comparable intensity (not integrated) to the emission of the GaN nanorod. Meanwhile, in order to verify whether the emission came from the QD or the underlying columns, single nanorods were manually scratched and transferred to a piece of silicon chip with a gold metal pattern on top, as shown in Fig. 3(b) . The information of location and axial direction of the nanorod and the optical information can be linked by mapping the observation of the SEM results and optical camera images in the PL system. Morphologies of the single rods were carefully recorded before the optical measurement in order to make sure that the single emission peaks come from the top of the isolated rod, instead of the underlying columns. As reported in the literature, typical FWHM of emission from the InGaN QD in rod is 1 to 5 meV [4, 5] , and 170 to 1800 µeV [15, 16, 19] for SK dots. In our case, the µPL spectrum of a single QD, as shown in Fig. 3(c) , depicted a single sharp peak with a line width of 525 µeV, which reach the detection limit of our equipment. By perform the statistic on µPL measurement over 20 nanorods, we conclude that on average only 1-2 LCs reside in each nanorod. It matches the assumption that the small diameter of rods substantially lowers the chance of multiple LC formations. Excitation power-dependent PL spectra and the corresponding PL intensity ( PL I ) for each peak as a function of the excitation power ( ex P ) are shown in Fig. 3(c) and 3(d) , respectively.
The power dependence of PL intensity for each peak, characterized by m PL ex I P ∝ , can be used to identify these emission peaks. The peaks with linear (m~1) and quadratic (m~2) power dependence can be assigned to the recombination from single excitons (X) and biexcitons (XX), respectively. The peak with superlinear power dependence (m~1.5) is likely to arise from trions (X*).
Effects of the small wire-diameter
Interestingly, as little as 0.75 meV peak shift was observed across three orders of magnitude of excitation power under very weak excitation and no further shift with increasing excitation power (Fig. 4(a) ). Only 0.33 meV peak shift was also observed on the trion peak, which is smaller than the exciton one. It matches the intuition since trion has an extra charge therefore a larger screening effect. The spectral stability indicates very small screening effect and thus a significantly reduced piezoelectric field inside the crystal. It is likely to be the advantage of small rod diameter, which may maximize the strain relaxation via the rod free surfaces. Timeresolved PL measurements on several rods (not shown) also support this finding. The decay lifetimes are ranging from 200 to 650 ps, significantly faster than typical emission from InGaN quantum well, indicative of highly localized electron and hole wave functions in LCs. Polarizations of single QD emissions were also checked as shown in Fig. 4(b) . The wellaligned polarization directions of different peaks indicates that the origin of these peaks is the same LC, since the polarization are all determined by the intermediated excitonic state [4, 20] . The exciton and trion peaks are observed with degrees of polarization of 88.9% and 94.4%, respectively. It is reported that Coulomb interactions can affect the polarization of exciton complexes [21] , and the negative trion peak has higher degree of polarization than the exciton peak according to the calculation. These emissions exhibited almost total linear polarization, which is essential for implementing quantum key distribution protocols [22] . Temperature dependent µPL was also performed in order to investigate the thermal tolerance of the QDs, as shown in Fig. 4(c) . Single LC emissions could be identified up to 180 K, the highest emission temperature of single InGaN SK dot and single LC that have been reported to date [9, [23] [24] [25] . Although InGaN has been commercially utilized owing to its high emission efficiency at room temperature, so far single LC emission could be detected only at low temperatures. Therefore, with the capability of characterizing single LC, both structurally and optically, the present structure can also be a system for investigating the origin of the InGaN LC-emission.
Conclusion
In conclusion, single InGaN/GaN QDs embedded in narrow nanorods have been successfully grown by using MBE, without the requirement of extensive processing steps. On average only 1-2 InGaN LCs are present in the InGaN layer of each individual rod. A sharp, bright, highly polarized, and background-free single QD emission observed in the visible range is possibly due to the small rod diameter, high structural quality and strain relaxation of the rod surface. The structure gives a tentative direction for electrically-driven device fabrication by utilizing the properties of good rod alignment, low rod density, ease-of-dope barrier layer, and the capability of microcavity shell fabrication and wafer-scale mass production.
